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We construct a series of graphene-based superconducting quantum circuits and integrate
them into three-dimensional (3D) cavities. For a device exhibiting single-qubit behavior,
we demonstrate flux-tunable qubit transition, with a relaxation time T1 ≈ 48 ns measured
in one cooldown at a reduced qubit frequency of 3.65 GHz, and a separate power-
broadening-based lower bound T ∗

2 � 17.63 ns at the sweet spot in an earlier cooldown
at fq ≈ 8.07 GHz. By coupling the device to cavities with different resonant frequencies,
we access multiple qubit-cavity coupling regimes, enabling the observation of vacuum
Rabi splitting and flux-dependent spectral linewidths. In a two-circuit device consisting of
a superconducting quantum interference device (SQUID) and a single junction, power-
dependent measurements reveal a two-stage dispersive shift. By flux tuning the cavity
frequency at different readout powers, we attribute the first shift to the fixed qubit and the
second to the SQUID qubit, indicating successful coupling between the two circuits and a
single cavity mode. Our study demonstrates the flexible coupling achievable between two-
dimensional (2D)-material-based flux-tunable superconducting circuits and 3D cavities,
and paves the way toward constructing multicircuit 3D transmonlike devices from 2D
materials.

DOI: 10.1103/qtsh-l54f

I. INTRODUCTION

Integrating low-dimensional materials into circuit quantum electrodynamics devices has attracted
increasing interest due to their wide range of potential applications [1–17]. In particular, substantial
efforts have focused on replacing the insulating tunnel barrier in Josephson junctions (JJs) with
low-dimensional materials, enabling the resulting superconducting qubits to inherit their unique
properties [1–3,6,11,12]. Early studies have demonstrated the successful implementation of InAs
nanowires, two-dimensional electron gases (2DEGs), and graphene in gate-tunable transmons
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(gatemons) [1–3,6,7], flux-tunable transmons [7,18], and transmons tunable by both gate and flux
[19]. More recently, weak links based on InAs nanowires and InAs 2DEGs have been integrated into
gate-tunable fluxoniums, enabling smooth tuning between heavy and light fluxonium states [20,21].
The most recent advances further report transmons based on NbSe2/WSe2/NbSe2 vertical JJs [22],
graphene charge qubits [23], and weakly anharmonic NbSe2 qubits [24]. While most studies follow
the mainstream approach of superconducting qubits based on 2D coplanar waveguides, which offer
advantages for scalability, 3D transmons provide several benefits that their 2D counterparts cannot.
First, the external quality factor, cavity decay rate κ , and qubit-cavity coupling strength g can be
conveniently tuned by adjusting the readout pin length and the qubit’s position inside the cavity [25].
Second, by loading qubits into cavities with different resonant frequencies, the detuning between
the qubit frequency maximum and the cavity resonance can be varied, thereby enabling access to
different coupling regimes. Third, the use of a 3D cavity simplifies the fabrication process, which
in turn improves the yield of devices incorporating new materials. The first two are not achievable
with a 2D transmon once its planar readout resonators, capacitors, and JJs have been fabricated. In
addition, the capacitor pads in 3D transmon can be used as a bond pad in dc transport, allowing
comparison between dc and microwave measurements on the same device [26].

In this work, we present a series of graphene-based superconducting circuits in a two-circuit
joint-readout configuration coupled to 3D cavities. By loading the same devices into different
cavities, thereby varying the detuning between the maximum qubit frequency and the cavity
resonance, we access distinct coupling regimes across multiple cooldowns. We construct a graphene
single-qubit device with a flux-tunable qubit transition, demonstrating vacuum Rabi splitting in
the strong-coupling regime and flux-dependent spectral linewidths in the dispersive regime. In
another device comprising a superconducting quantum interference device (SQUID)-based circuit
and a single-junction circuit, we observe distinct two-stage power-dependent dispersive shifts when
coupling them to two different cavities. Flux tuning of the cavity responses and the onset power of
the dispersive shifts further reveal that the first dispersive shift originates from the single-junction
circuit, while the second is associated with the SQUID circuit. Our results highlight the potential of
2D materials for realizing multicircuit 3D transmon architectures, enabling the possibility of joint
readout and the study of interactions between distinct 2D-material-based superconducting circuits.

II. DEVICE FABRICATION AND MEASUREMENT SETUP

Figure 1 shows the optical micrograph of one of the two devices investigated in this study.
Our 3D cavity, fabricated from copper as shown in Fig. 1(a), provides good thermal conductivity
while allowing magnetic flux to penetrate. The graphene-based superconducting quantum circuits
investigated in this work are all designed in a two-circuit configuration. We present data from a
two-SQUID device (device 1; see Fig. S1 in the Supplemental Material [27]) in which one SQUID
was nonfunctional and exhibited no cavity response, as well as from a device comprising one
SQUID and one single JJ (device 2). Figure 1(b) shows a micrograph of device 2, where the
SQUID-based qubit (Q1) is equipped with a pair of bigger capacitor pads (590 µm × 320 µm)
while the single-JJ qubit (fixed qubit, Q2) is equipped with smaller capacitor pads (96.76 µm × 400
µm). Figures 1(c) and 1(d) show micrographs of Q1 and Q2, respectively, while Fig. 1(e) presents an
effective schematic illustrating how the two circuits are coupled to one resonator. Both the SQUID
and the single JJ are realized using NbTi-graphene-NbTi junctions fabricated with edge-contact
techniques [32]. The design parameters and details of the device fabrication process are provided in
Sec. I of the Supplemental Material [27].

The measurement schemes employed in this work are illustrated in Fig. S2 of the Supplemental
Material [27]. The devices were mounted in a two-port 3D copper cavity, with Q1 located at the
center of the chip and aligned with the center of the cavity chamber. The sub-miniature version
A (SMA) port located near the center of the cavity, where the chip is positioned, is used for
readout, while the off-center SMA port serves as the drive port. Additional details on the 3D cavity
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FIG. 1. Optical micrograph of the two-circuit graphene-based superconducting quantum circuit coupled
to a 3D copper cavity. (a) Image of qubit chip mounted in the 3D copper cavity. (b) Optical micrograph
of device 2, consisting of a SQUID-based circuit (Q1) and a single-JJ circuit (Q2). The inset shows the
hBN/graphene/hBN sandwich structure with NbTi edge contacts for the junctions shown in panels (c) and (d).
(c) Optical micrograph of the SQUID circuit consisting of graphene and superconductor NbTi. The design
parameters can be found in Fig. S1(g) of the Supplemental Material [27]. (d) Optical micrograph of the
single-JJ circuit. The design parameters can be found in Fig. S1(g) of the Supplemental Material [27]. (e)
Schematic of the circuits (qubits) coupled to a microwave resonator. Q1 is coupled to the resonator via the
capacitance Cg1, while Q2 is coupled via Cg2. Q1 is coupled to Q2 via Cg12.

calibration and measurement setups can be found in Ref. [26] and in Sec. II of the Supplemental
Material [27].

III. DEVICE CHARACTERIZATION AND RESULTS

We first characterize the SQUID-based qubit (Q1) in device 1, as shown in Figs. S1(b) and S1(e)
of the Supplemental Material [27]. This device was measured in different cavities across multiple
cooldowns, as summarized in Sec. III of the Supplemental Material [27]. Here, we begin with the
data obtained from cooldown 2. Figure 2(b) presents the measured S21 through the cavity readout
port as a function of readout frequency and power at zero magnetic flux [labeled (b) in Fig. 2(a)].
Power-dependent cavity response provides a useful check for the presence of a qubit, as the cavity
resonance shifts toward the qubit frequency at sufficiently high readout powers [33]. At low power
(−50 dBm), the cavity exhibits a dip at fr = 6.029 37 GHz. When the power exceeds −30 dBm,
the qubit becomes saturated, and the cavity shifts to its bare resonance fbare = 6.0558 GHz, accom-
panied by a narrower linewidth. The readout power required for the cavity to enter this high-power
regime is characterized by the critical photon number ncrit ≈ �2

4g2 , where � = 2π ( fbare − fq) is
the detuning between the bare cavity frequency fbare and the qubit frequency fq, and g is the
qubit-cavity coupling strength [34–36]. Figure 2(c) shows the power-dependent cavity response
measured at another flux bias, labeled (c) in Fig. 2(a), where fq is minimized to approximately
zero. As expected, with increased detuning � compared to the case in Fig. 2(b), the onset power
for the high-power regime also increases to approximately −25 dBm. Next, we perform flux tuning
of the cavity response by measuring S21 at a low readout power (−50 dBm) while sweeping the
dc current applied to the superconducting coil. As shown in Fig. 2(a), the flux-modulated cavity
response bends both upward and downward relative to the bare cavity frequency, indicating that fq

crosses fbare due to the tunability provided by the functional SQUID. In the vicinity of the resonant
limit fq ≈ fbare, the qubit and resonator hybridize, resulting in an avoided crossing as shown in
Fig. 2(d). The split cavity peaks at fq ≈ fbare are known for vacuum Rabi splitting, indicating that
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FIG. 2. Flux- and power-dependent cavity response (S21) of the single-qubit device (Q1 in device 1) in
cooldown 2. (a) Flux modulation of the cavity frequency for device 1. Note that the upper part and the bottom
part were measured separately in order to improve the visibility of cavity response. The arrows indicate the
flux bias points where the power-dependence measurements in panels (b) and (c) were performed. The dashed
rectangle denotes the flux and frequency ranges displayed in panel (d). (b) Power-dependence measurement
of device 1 at the zero-flux point (sweet spot) labeled (b) in panel (a). (c) Same as panel (b), but measured at
the other flux point, where fq attains its minimum, as labeled (c) in panel (a). (d) Enlarged measurement of
the blue rectangular region indicated in panel (a), showing a vacuum Rabi splitting when the qubit frequency
aligns with the bare cavity frequency. Note that the data have been mean subtracted and smoothed along the
flux axis for clarity. (e) Frequency splitting between the hybridized qubit-cavity states, as a function of fq, as
extracted from panel (a).

the device operates in the strong coupling regime, where the coupling strength g exceeds both the
qubit and cavity decay rates (γ and κ). The frequency of the hybridized qubit-cavity states can
be written as f± = [ fq + fbare ±

√
( fq − fbare)2 + 4(g/2π )2]/2 [6]. Figure 2(e) shows the splitting

δ = f+ − f− as a function of fq, from which we can extract the coupling strength g/2π = 100.5 MHz
through fitting. Note that the extracted coupling strength g agrees well with simulations and remains
reasonably consistent for the same device loaded into different cavities across multiple cooldowns
(see Secs. III and V of the Supplemental Material [27]).

With the obtained g, we can estimate the maximum qubit frequency fq,max from the dispersive
shift χ/2π ≈ 26.4 MHz between the low-power ( fr) and high-power ( fbare) cavity frequencies
[Fig. 2(b)], using χ = g2/� and � = 2π ( fq,max − fbare), yielding fq,max ≈ 6.438 GHz. The sym-
metric SQUID qubit can therefore be modeled as fq ≈ fq,max

√| cos(�)| [26], which we overlay on
the flux-modulated cavity response in Fig. 3(a). To verify the modeled qubit spectrum, we performed
two-tone spectroscopy in continuous-wave mode, where a second continuous drive tone was applied
to the cavity in addition to the readout tone. The measurement was carried out by recording S21 at
the cavity’s resonant frequency for different magnetic flux values while sweeping the drive-tone
frequency. When the drive tone was on resonance with qubit frequency fq at each flux point, a peak
in the cavity response was observed, yielding a flux-tunable qubit transition spectrum as shown in
Fig. 3(b). The spectrum near the bare cavity frequency ( fbare = 6.0558 GHz) is distorted because
the drive tone, being close to the cavity resonance, strongly excites the cavity mode and saturates
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FIG. 3. Two-tone qubit spectroscopy of device 1 in cooldown 2. (a) Flux-dependent cavity response with
the qubit frequency superimposed. Note that the data have been mean subtracted for clarity. The dashed line
indicates the inferred qubit frequency fq ≈ fq,max

√| cos(�)|, with a maximum value fq,max ≈ 6.438 GHz as
mentioned in the main text. (b) Two-tone measurement of the qubit transition as a function of applied flux � for
device 1. The readout power was fixed at −50 dBm. The measurement was performed with two different drive
powers: 15 dBm for the lower part of the spectrum, where fq is far detuned from fbare, and −13 dBm for the
upper part, where fq is close to fbare. The spectrum is strongly distorted when the drive frequency approaches the
bare cavity frequency ( fbare = 6.0558 GHz). To resolve the maximal qubit frequency, an enlarged measurement
of the region indicated by the white dashed rectangle is performed and shown in the inset.

the readout signal. Therefore, a fine scan excluding this range and using low drive power (−13
dBm) was performed to accurately determine fq,max, as shown in the inset of Fig. 3(b). The obtained
fq,max ≈ 6.43 GHz is in excellent agreement with the estimated value based on g and dispersive
shift.

Next, we examine the flux dependence of the spectral broadening, which reflects the qubit coher-
ence time T ∗

2 [4,37,38]. The spectrum in Fig. 3(b), however, is unsuitable for this analysis because of
its distortion around fbare. In contrast, during another cooldown of the same device, shown in Fig. 4,
the maximum qubit frequency lies well above fbare, enabling us to extract an undistorted spectrum.
This highlights a key advantage of 3D cavity devices, where switching cavities with different
resonant frequencies can be employed to probe various qubit-cavity coupling regimes for the same
device. Figures 4(a) and 4(b) show the power dependence and flux tuning of the cavity response,
while Fig. 4(c) present the qubit transition frequency as a function of flux, for this cooldown. Using
χ = g2/�, the dispersive shift χ/2π ≈ 6.15 MHz at � = 0 [Fig. 4(a)] together with the maximum
qubit frequency fq,max ≈ 8.068 GHz [Fig. 4(c)] yields a coupling strength g/2π ≈ 111.3 MHz. This
value is consistent with the vacuum Rabi splitting result g/2π = 100.5 MHz from cooldown 2. The
half linewidth of the |0〉 to |1〉 qubit transition (δHWHM) is related to the coherence time T ∗

2 and the

relaxation time T1 via(2πδHWHM)2 = ( 1
T ∗

2
)
2 + nsω

2
vac

T1
T ∗

2
, where ns is the average number inside the

resonator, ωvac = 2g is the vacuum Rabi frequency, and nsω
2
vac is proportional to the drive power

[23,39]. The full width at half maximum (FWHM) of the spectral peak, extracted from Fig. 4(c), is
shown in red in Fig. 4(d). Since the spectrum in Fig. 4(c) was measured under a finite drive power
of 8 dBm (nonzero nsω

2
vac), the observed spectral linewidths, which range from approximately

64.6 MHz at � = 0 to 743.7 MHz at � = ±0.32�0, provide a lower-bound range for T ∗
2 from

4.927 to 0.428 ns, using T ∗
2 ≈ 1/(2πδHWHM). We also performed a power-broadening measurement

at � = 0 (the sweet spot) and extracted an estimated T ∗
2 ≈ 17.63 ns, as discussed in Sec. IV of the
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FIG. 4. Power dependence, flux tuning, and qubit spectroscopy for device 1 in cooldown 1. (a) Power-
dependence measurements of device 1 performed at � = 0 (sweet spot), with a dispersive shift χ/2π ≈
6.15 MHz. (b) Flux modulation of the cavity frequency measured with a readout power of −60 dBm. The
white dashed line indicates the bare cavity frequency at 6.059 GHz. (c) Two-tone measurement of the qubit
transition as a function of applied flux, measured with a readout power of −60 dBm and a drive power of
8 dBm, showing a maximal qubit frequency fq,max ≈ 8.068 GHz. The dashed lines denote the flux range for the
analysis shown in panel (d). (d) Correspondence between the spectral linewidth (δFWHM) and the flux derivative
of qubit frequency (|dfq/d�|) extracted from the spectrum in panel (c). Note that both the spectral linewidth
and the flux derivative of the qubit frequency exhibit abrupt changes at � ≈ ±0.16�0 and ±0.27�0, which
originate from the kinks observed at the same flux values in the qubit spectrum shown in panel (c). We suspect
that these features arise from coupling between the graphene-based SQUID circuit and energy modes of two-
level systems, possibly located at the graphene/hBN, graphene/NbTi-edge-contact, or hBN/SiO2 interfaces, or
alternatively from spurious electromagnetic modes in the coaxial cables.

Supplemental Material [27]. The linewidth in Fig. 4(c) is narrowest at the sweet spot, where dfq/d�

approaches zero, and becomes progressively broader away from the sweet spot as dfq/d� increases.
In Fig. 4(d), we plot |dfq/d�| extracted from Fig. 4(c), and find a strong correlation between δFWHM

and dfq/d�. Since dfq/d� determines the sensitivity of the qubit frequency to low-frequency flux
noise, this correlation suggests that T ∗

2 is dominated by qubit frequency fluctuations caused by
low-frequency noise in our system (see discussions in Sec. IV of the Supplemental Material [27])
[40]. In addition, we performed time-domain pulse measurements to probe the qubit relaxation time
in a later cooldown, where fq,max is reduced to 3.65 GHz, yielding T1 ≈ 48 ns (see discussions
in Sec. IV of the Supplemental Material [27]), consistent with values reported for graphene
gatemons [2].
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FIG. 5. Device 2 loaded into different cavities over multiple cooldowns. The first, second, and fourth
cooldowns were performed using reflection measurements, as shown in Fig. S2 of the Supplemental Material
[27], whereas the third cooldown employed transmission measurements, as described in Ref. [26]. (a) Power
dependence of device 2 in a 6 GHz cavity, measured at the sweet spot (bottom panel), together with the flux
modulation of the cavity response measured using vector network analyzer (VNA) powers labeled A (middle
panel) and B (top panel) in the bottom panel. (b) Same as panel (a), but measured in a 6.8 GHz cavity. (c) Same
as panel (a), but using a transmission measurement setup. (d) Same as panel (a).

Having discussed the device exhibiting single-qubit behavior, we now turn to a second device
(device 2) demonstrating two-circuit joint readout, consisting of one SQUID-based circuit and one
single-JJ circuit, as shown in Figs. 1(a)–1(d). We loaded device 2 in 6 and 6.8 GHz cavities and
performed reflection or transmission measurements across four cooldowns, as shown in Fig. 5. In
Fig. 5, the bottom panels show the power-dependence measurements performed at the sweet-spot
flux point, while the top and middle panels present the flux-modulated cavity response recorded
at the two readout powers, labeled B and A in the bottom panels, across different cooldowns. A
two-stage dispersive shift is clearly observed in all power-dependence measurements, indicating
the presence of two circuits coupled to a single cavity mode, with each circuit (qubit) saturating at
different power levels. The measured flux modulation of the cavity response at two different readout
powers reveals the origin of each dispersive shift. As can be seen in all the middle panels, the
measured spectrum exhibits the flux-dependent oscillations characteristic of a SQUID-based qubit.
After passing the first dispersive-shift threshold, the measured spectrum shows that the oscillatory
behavior persists, as seen in the top panel of Fig. 5. These observations indicate that the first
dispersive shift originates from the single-JJ circuit (i.e., the fixed qubit), as the flux-dependent
modulation remains visible beyond the first dispersive shift. Additional evidence supporting this
assignment is that the onset power for the first dispersive shift is fixed, whereas that for the
second dispersive shift varies with flux, as shown in Fig. S6 of the Supplemental Material [27]
(see discussions in Sec. VI of Supplemental Material [27]). Furthermore, the fact that the fixed
qubit saturates at a lower power, while the SQUID-based qubit does so at a higher power, is also
discussed in Sec. VI of the Supplemental Material [27].

The first dispersive shift in the bottom panel of Fig. 5(a) indicates that fq of the fixed qubit
is larger than 6 GHz in the first cooldown, while that in the bottom panel of Figs. 5(b)–5(d)
indicates that fq varies below 6.8 and 6 GHz in the rest of the cooldowns. On the other hand,
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the qubit frequency for SQUID-based qubit is always higher than fbare, as the second dispersive
shifts are all toward higher frequency in all cooldowns (see the bottom panels of Fig. 5). Since the
capacitor pad design of the SQUID circuit is identical in devices 1 and 2, we use the experimentally
obtained coupling strength of g/2π ≈ 100 MHz from device 1 as a design-based estimate, with
a fractional uncertainty of around 12%. This is justified by the simulated g/2π = 98 MHz [26]
being in agreement with all four cooldown values of device 1 to within ∼12% (see Sec. III of the
Supplemental Material [27]). Based on the second dispersive shift of 1.28 MHz at the sweet spot,
extracted from Fig. S6(b) of the Supplemental Material [27] in cooldown 1, we therefore estimate
fq,max ≈ 13.86 (±12%) GHz for device 2. We further employ a simple geometric scaling argument
as a consistency check for the inferred fq,max. The junction width in device 2 (3.5 µm) is 3.5 times
larger than that in device 1 (1 µm) [see Fig. S1(g) of the Supplemental Material [27]]. Given that
fq ≈ √

8EJEC/h and EJ = �0IC/2π , we expect fq,max for device 2 to scale as
√

3.5 times that of
device 1, yielding

√
3.5× 8.068 GHz ≈ 15.1 GHz, which is close to the value inferred from the

coupling strength and dispersive shift. In Sec. V of the Supplemental Material [27], we simulated
a coupling strength of g/2π ≈ 78.9 MHz for the fixed qubit. Using this value, we further estimate
the qubit frequency of the fixed qubit from the first dispersive shift observed in each cooldown. The
corresponding discussions are provided in Sec. VI of the Supplemental Material [27]. It is worth
noting that the linewidth of the cavity response after the first dispersive shift is reduced, as seen
in the bottom panels, or by comparing the flux modulation data in the middle and upper panels of
Fig. 5. This suggests that the fixed qubit acts as a loss channel for the cavity. Once the fixed qubit
is saturated, the cavity effectively eliminates this lossy channel and regains a narrower linewidth.
We have performed continuous-wave two-tone measurements on device 2. No flux-tunable qubit
transition was detected, as was achieved in device 1, but potential fixed-qubit-related transitions
are present, as discussed in Sec. VI of the Supplemental Material [27]. The fact that fq of the
SQUID-based qubit crosses the cavity periodically but does not form avoided crossings indicates
that the device is not in the strong coupling regime (i.e., 
 � γ , κ , where 
 is the qubit-cavity
energy exchange rate and γ (κ) is qubit (cavity) decay rate). This suggests a short coherence time
for the SQUID-based qubit in device 2, with decay rate γ > 
 = g/π ≈ 200 MHz, corresponding
to a coherence time 1/γ < 5 ns, which may prevent us from resolving the qubit transition peaks in
two-tone spectroscopy measurements. Comparing device 1 and device 2, the coherence properties
of our qubits still exhibit device-to-device variations, likely arising from variations in the quality
of the constituent graphene junctions. Nevertheless, the observation of two distinct dispersive shifts
demonstrates that this two-circuit configuration can be extended to other 2D-material-based 3D
transmon systems for joint readout, and may serve as a test bed for studying qubit-qubit interactions
provided that qubit coherence is improved.

IV. SUMMARY

In this work, we have realized two graphene-based superconducting quantum circuits in
joint-readout architecture: One device exhibits flux-tunable single-qubit behavior, while the other
demonstrates two-circuit joint readout. For both devices, we placed them in cavities with different
resonant frequencies, allowing us to access distinct coupling regimes between the qubits and the
resonators. We present the first flux-tunable graphene transmon, with T1 ≈ 48 ns measured in one
cooldown at a reduced qubit frequency of 3.65 GHz, and a separately obtained power-broadening-
based lower bound T ∗

2 � 17.63 ns at the sweet spot in an earlier cooldown at fq ≈ 8.07 GHz. The
single-qubit device has demonstrated a strong coupling regime when the qubit frequency is tunable
across the bare cavity frequency. In another cooldown, where the qubit frequency lies well above the
bare cavity resonance, we observe a flux-dependent spectral linewidth, suggesting that T ∗

2 is limited
by qubit frequency fluctuations induced by low-frequency flux noise. In the two-circuit device,
we observed a distinct two-stage dispersive shift in the power-dependent measurements across four
cooldowns, indicating variations in the detuning among the fixed qubit, the SQUID-based qubit, and
the resonator when the device was placed in different cavities. The first dispersive shift is attributed
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to the fixed qubit, while the second corresponds to the SQUID-based qubit, as supported by the
flux-tunable cavity response observed after the first dispersive shift and the flux-dependent onset
power of the second. In summary, we demonstrate the flexibility in qubit-cavity coupling achievable
by 2D-material-based transmons when integrated with 3D cavities. The two-circuit architectures
highlight the prospects for constructing multiqubit 3D transmon systems based on 2D materials for
joint readout and control, provided that qubit coherence can be made sufficiently long [41].
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